and inducible NOS inhibitor 1400W. There was no difference in cell death. In conclusion, nNOS is involved in ongoing mitochondrial dysfunction after in utero HI. The subacute brain slice model could be a tool for studying the mechanisms involved in ongoing neuronal injury, and for rapidly assessing potential neuroprotectants.
Introduction
Perinatal hypoxic-ischemic brain injury is a significant risk factor for neonatal morbidity and even mortality [1] [2] [3] . Injury from hypoxia-ischemia (HI) can result in long-term neurologic consequences such as cerebral palsy, cognitive delays and learning disabilities in both preterm and term infants. Advances in neonatal medicine have led to improved survival of preterm neonates, but the incidence of cerebral palsy has not been substantially reduced [4, 5] . Except for hypothermia [6, 7] , there is a paucity of postnatal interventions that offer neuroprotection [8] .
Nitric Oxide and Brain Injury
Global HI results in activation of several cellular pathways that ultimately result in brain injury [1, 9] , including those involving nitric oxide (NO), an important gaseous signaling molecule in the brain [10] [11] [12] . NO easily diffuses within the cell and across cell membranes [13] . NO is produced from the amino acid L -arginine by NO synthases. Animal studies have shown that neuronal NO synthase (nNOS) is the abundant isoform found in the brain, especially the cortex, hippocampus, olfactory bulb and amygdala [13] [14] [15] [16] [17] , and is responsible for production of NO that can have neurotoxic effects [14] . It has been proposed that NO produces toxic effects by several different mechanisms such as through the N -methyl-D -aspartic acid pathway [14] . Another mechanism is the interaction with superoxide to generate reactive nitrogen species. NO combines with superoxide to form peroxynitrite, which causes nitration of proteins and damage to cellular components, eventually leading to cell death [18, 19] . Various animal studies have shown that nNOS inhibition may offer protection against injury [20, 21] , and nNOS knockout mice are protected from HI injury [22] . Most of the data to date have been obtained from studies of rat and mouse brains in cell culture or organotypic slices subjected to acute HI injury. There is a lack of substantial data regarding the cellular mechanisms that are involved in ongoing injury after an HI event in utero. Also, there is evidence from animal studies that neuronal cell death and damage occur for several hours or even days after the acute HI event [1] ; these can lead to long-term motor, cognitive and learning disabilities. We therefore set out to study the involvement of NO and cell injury several days after in utero HI injury by using a novel nNOS inhibitor in a subacute brain slice model. This could have tremendous clinical therapeutic benefits.
Our laboratory has established a rabbit model of global HI in utero that results in a cerebral palsy phenotype [15, 18, 23] . This clinically relevant animal model can be used to test key questions about molecular mechanisms involved in HI brain injury. Prior preliminary RT-PCR studies in our laboratory have shown that there is a significant increase in nNOS expression in fetal rabbits after HI compared with control animals. An increase in NO production has been shown in fetal rabbit brains following acute HI [18] .
Recently, new specific nNOS inhibitors have become available. Using a novel fragment hopping approach that effectively utilizes a 1-residue difference in the nNOS active site relative to the other isoforms endothelial (e)NOS and inducible (i)NOS, new bioavailable inhibitors have been synthesized [24] . These inhibitors exhibit a low nanomolar potency for nNOS and 1,000-to 2,000-fold selectivity for nNOS over eNOS. We have recently published a study showing that administration of new nNOS inhibitors prevents the cerebral palsy phenotype in newborn rabbits in our animal model [25] , and we have shown a benefit even in mild motor deficits [26] . In this study, we investigated the role of nNOS in ongoing brain injury, utilizing a unique method of obtaining slices from fetal rabbit brains after they have suffered in utero HI. The brain slices are observed ex vivo for 6 days after HI. This enables us to assess the extent and possible mechanisms of ongoing neuronal injury in the subacute phase. It also provides an opportunity to study the crucial time period when exogenous neuroprotectants can be administered to limit the extent of the injury, as well as a quick model to test several potential neuroprotectants.
Materials and Methods
The study was approved by the animal review committee of the Evanston Northwestern Healthcare Research Institute. All animals received humane care in compliance with the National Institutes of Health 'Guide for the care and use of laboratory animals' (publication No. 85-23, rev. 1985) .
nNOS Inhibitor JI-8 JI-8 is a new designer drug that was created using a novel fragment hopping approach [24] . The chemical structure of JI-8 is cis-
The high selectivity of JI-8 for nNOS can be seen in its dissociation constant (K i ) of 0.014 M for nNOS, 27.95 M for eNOS, and 4.06 M for iNOS [25, 27] .
Surgical Procedure
Timed pregnant New Zealand white rabbits (Myrtle's Rabbits, Thompson Station, Tenn., USA) at 29 days of gestation (92% term) were used. The dams were anesthetized with intravenous fentanyl 75 g/kg/h and droperidol 3.75 mg/kg/h, and bag-and-mask ventilation was provided to maintain normal arterial pH (7.35-7.45), P CO 2 (32-45 mm Hg) and P O 2 (70-100 mm Hg). The dams then underwent spinal anesthesia by administration of 0.75% bupivacaine through a 25-gauge spinal needle in the L2-L5 intervertebral space. The fentanyl and droperidol were reduced by one fifth to allow the dam to breathe spontaneously through a mask. Uterine ischemia was induced by inserting a 4-Fr Fogarty arterial embolectomy catheter (Baxter Healthcare Corporation, Santa Ana, Calif., USA) into the left femoral artery, advancing it 10 cm into the descending aorta to above the uterine and below the renal arteries, and inflating the balloon with 300 l of saline to induce HI. Blood pressure monitoring of the right leg using Dopp ler sonography was performed to ensure continued ischemia.
MRI Determination of Time of HI
Two dams were put in a 3-tesla clinical magnet and subjected to uterine ischemia, as described before [28] . Using a quadrature extremity coil, single-shot fast spin echo T 2 -weighted images were obtained with 25-32 axial slices of 4 mm thickness, a matrix of 256 ! 192, and a field of view of 16 cm. Diffusion-weighted echoplanar images with b = 0 and 0.8 ms/ m 2 , TR/TE = 7,400/70 ms, 2 averages, were continuously obtained, with each acquisition taking 2 min. Apparent diffusion coefficients (ADC) of fetal brains were then determined as before [28] . The time of uterine ischemia for embryonic day (E)29 fetuses in this study ( fig. 1 ) was determined from the time it took to reach the ADC at E25 gestation, which had identified hypertonic kits in the previous study [28] . This time was determined to be 30 min. After 30 min of ischemia, the fetuses were removed by hysterotomy, and the brains were placed in dissection medium (Gey's Balanced Salt Solution, 50% D -glucose and 3 M KCl).
Preparation of Brain Slices
400-m slices of whole brain, parietal cortex and hippocampus were obtained using a Vibratome (Vibratome Company, St. Louis, Mo., USA). To control for variability between fetuses, individual slices from a single fetus were divided into left and right sides and randomly assigned to be placed on cell culture inserts (Millipore Corporation, Billerica, Mass., USA) in 6-well tissue culture plates. The plates contained dissection medium with either saline (controls) or JI-8 or 1400W, an iNOS inhibitor ( fig. 2 b) . A concentration of 25 ! K i was used, 0.35 and 0.25 M for JI-8 and 1400W, respectively. Left and right sides of a slice from one animal were treated in contiguous pairs with either saline and JI-8, saline and 1400W, or JI-8 and 1400W. After incubation at 4 ° C for 1 h, the medium was changed to Opti-MEM (Hank's Balanced Salt Solution, Horse Serum, Opti-MEM from Invitrogen) supplemented with either saline, JI-8 or 1400W at the same concentrations. The slices were then incubated at 37 ° C with 5% CO 2 for 72 h. Flow cytometry was run on half the number of brain slices. The culture medium, Neurobasal medium (Life Technologies) with saline, JI-8 or 1400W was replenished for the remainder of the slices and incubated at 37 ° C with 5% CO 2 for 144 h.
Fluorescent Staining
During the first phase of our experiments, the brain slices were stained with fluorescent probes to determine the viability of the slices. Fluorescent staining was done at 2 time points after obtaining the brain slices: after 1 h of culture and 3 days of culture ex vivo. BCECF [(2 ,7 -bis-2-carboxyethyl)-5-(and-6)carboxyfluorescein] was used to stain live neuronal cells, and propidium iodide (PI) was used to stain dead cells. The slices were then examined under the fluorescent microscope.
Brain Cell Suspension
After 3 days of incubation, half the number of brain slices were placed in 0.025% trypsin and incubated in a rotating shaker at 37 ° C for 45 min. Based on our previous studies, this concentration of trypsin was determined to be the lowest concentration of trypsin that would enable dissociation of cells without caus ing significant cell death [23] . The brain suspension was spun at 650 g for 10 min at 4 ° C, washed with Hank's Balanced Salt Solution before limited titration (20 times) in Neurobasal medium (Life Technologies). The brain suspension was passed through a sterile 70-m filter to produce a single-cell suspension [23] . The culture medium was replenished for the remainder of the slices and incubated at 37 ° C with 5% CO 2 for 144 h. The procedure of brain cell suspension was repeated on these slices. Flow cytometric assessment was done on the single-cell suspensions.
Flow Cytometry Assessment
The flow cytometer (FACSCalibur; Becton, Dickinson & Co., San Jose, Calif., USA) was used to assess cellular processes in slices after 72 and 144 h of incubation. The single-cell suspensions obtained from slices were incubated with rhodamine 123 (Calbiochem, San Diego, Calif., USA) or JC-1 (5,5 ,6,6 -tetrachloro-1,1 ,3,3 -tetraethylbenzimidazolocarbocyanine iodide; Molecular probes). For rhodamine 123, 5 g was added to 300 l of cell suspension and incubated at 37 ° C for 5 min. Rhodamine-positive cells were defined as 1 10 1 fluorescence units ( fig. 3 a) . For the mitochondrial membrane potential-sensitive JC-1, 5 l of a 1 mg/ml stock was added to 300 l sample and incubated for 30 min at 37 ° C and then analyzed on the flow cytometer. JC-1 fluorescencepositive cells were selected that had more red than green and 1 10 2 fluorescence units ( fig. 3 b) . Cell death was assessed using PI, 10 l of a 1 mg/ml stock, added to 300 l sample immediately prior to assessment by flow cytometry. The advantage of using a flow cytometer lies in its ability to rapidly assess a large number of cells and to provide a nonbiased quantification [29] . Our laboratory has shown that the procedure of preparing a cell suspension does not inflict significant injury to cells [23] .
Another aliquot of cells was fixed in 4% paraformaldehyde at 37 ° C for 10 min and chilled on ice. They were permeabilized in 0.1% Triton X-100 in 1 ! PBS at room temperature for 10 min and washed twice with incubation buffer (0.5% BSA in PBS). An aliquot of 10 6 cells was blocked in 1 ml incubation buffer at room temperature for 10 min. 
Measurement of NO Production
Measuring NO production in neurons by the formation of nitrate and nitrite (NO x ) was done using the NO analyzer (Sievers, Boulder, Colo., USA). Brain slices from control fetuses and those treated with JI-8 were homogenized and the NO x level determined.
Gender Determination
The gender of the rabbit fetuses was determined by using a PCR technique. We obtained samples of DNA isolated from pieces of liver tissue to detect SRY. About 200 ng DNA were used for PCR. Amplification of SRY fragments was done in 30 cycles under the following conditions: denaturation steps of 94 ° C for 2 min, 94 ° C for 20 s, 64 ° C for 30 s, 72 ° C for 30 s, and 72 ° C for 10 min, using the specific primers OcSRY21F: 5 -AGC GGC CAG GAA CGG GTC AAG and OcSRY23R: 5 -CCT TCC GGC GAG GTC TGTACT TG. The PCR products obtained were analyzed by electrophoresis in 3% agarose gel containing SYBR Green, and visualized by the UVP BioDoc-It system.
Statistical Analysis
The data were analyzed using a paired t test. The ␣ -error was set at ! 0.05. All analyses were done with SAS version 9.1 for Windows. 
Results

Determining Equipotent Time of Uterine Ischemia at E29 Gestation
The time course of ADC shows that at approximately 30 min, the mean ADC reached was equal to the threshold ADC at E25 gestation that predicted hypertonic kits postnatally ( fig. 1 ). Uterine ischemia longer than 30 min resulted in increased numbers of perinatal deaths (data not shown).
Fluorescent Staining Showing Viable Slices
Fluorescent microscopic studies of the slices after fluorescent staining using BCECF for the live cells and PI for the dead cells indicated that the majority of the brain slice is viable even after 72 h ( fig. 2 ). This indicates that the subacute brain slice model can be used for further analysis of effects of nNOS inhibitors and also for flow cytometry.
JI-8 Reduces NO Production
The level of NO x in brain slices was used in order to confirm that JI-8 did in fact reduce the amount of NO produced ( fig. 4 ) . NO x production was significantly lower in the JI-8-treated group. This indicates that the novel drug JI-8 reduces the production of NO by selectively inhibiting NOS in the brain. This drug can therefore be used to study whether NO is involved in continuing injury to cells several hours after HI injury. 
Whole Brain Slices
Control Animals. In the flow cytometric analysis of the slices, the positivity threshold for identifying nNOSpositive cells was set as the 95th percentile of the isotype controls (for the online supplementary figure, see www. karger.com/doi/10.1159/000327241). The threshold for NeuN-positive cells was also set based on the isotype controls (online suppl. fig.) . From double staining of E29 fetal brain cells with nNOS (FITC) and NeuN (APC) antibodies, we found 62. ( table 1 ) . This shows that JI-8 does not exert any significant untoward effects on neuronal cells. Also, in the absence of increased nNOS expression, JI-8 does not offer any significant benefit.
HI Animals. At 72 h, flow cytometric assessment of the whole brain slices obtained after in utero HI showed that mitochondrial function was significantly better preserved in slices treated with JI-8 compared with saline ( fig. 5 ). JC-1 staining of intact mitochondria is a spectrum ranging from green to red, the latter representing betterfunctioning mitochondria. In order to get a more accurate estimate of the number of cells with intact mitochondria, we evaluated both the total number of JC-1-stained cells and the number of cells staining more red than green. In this way, we accounted for all the cells with in- 1400W  male  male  male  female  female  female   Whole brain  3 Val ues denote means 8 SD unless specified otherwise. * p < 0.05 when combined data includes both genders. Individual gender comparisons are not significant. tact functioning mitochondria. By using paired control slices every time, we were able to set off any inconsistencies in staining with JC-1. To further corroborate our findings, we used rhodamine 123 to stain the mitochondria. This again showed significantly better-preserved mitochondria in the JI-8-treated group compared with saline. PI staining of dead cells was not significantly different between groups.
Parietal Cortex and Hippocampus
It is essential to understand any regional differences in vulnerability to HI injury to the brain. This may aid us in targeting specific areas to administer potential neuroprotective agents.
Control Animals. In the control animals, there was no difference in cell death or mitochondrial function between the JI-8-treated group and the saline group in both the parietal cortex and hippocampus.
HI Animals. In slices obtained after HI injury, at 144 h, mitochondrial function was significantly better in the JI-8-treated group than in the saline group in both the parietal cortex and hippocampus ( fig. 6 ). This is evidenced by the total number of JC-1-positive cells, of cells staining red more than green with JC-1, and of rhodamine 123-positive cells. Again there was no difference in PI-positive cells. There was no statistical difference between parietal cortex and hippocampus, both areas showing a similar number of intact mitochondria. This indicates that both the parietal cortex and hippocampus are vulnerable areas and could benefit from nNOS inhibition.
Role of iNOS after HI Injury
In order to address the question of the involvement of iNOS in ongoing NO production after HI injury, we used the selective iNOS inhibitor 1400W.
Control Animals. The flow cytometric assessment of the whole brain slices at 72 h in the control animals showed no statistical difference in cell death or mitochondrial function in parietal cortex or hippocampus between saline-and 1400W-treated groups ( table 1, 2 ).
HI Animals. Flow cytometry of slices obtained after HI also did not show any statistical difference in cell death or mitochondrial function between saline-and 1400W-treated groups at 72 h. This indicates that iNOS is not a significant contributor to the ongoing NO pool in the brain after HI injury. Therefore, iNOS inhibition offers no significant benefit.
JI-8 (nNOS Inhibitor) versus 1400W (iNOS Inhibitor)
In order to minimize the effects of individual animal and slice variability, we compared JI-8 directly with 1400W.
Control Animals. Flow cytometric assessment of the whole brain slices at 72 and 144 h in the control animals showed statistically significant preservation of mitochondrial function in the JI-8-treated group compared with the 1400W group. There was no difference in PI between the two groups.
HI Animals. After HI, mitochondria were better preserved in the JI-8-treated group compared with the 1400W-treated group, as evidenced by rhodamine 123 staining ( fig. 7 ) . This indicates that nNOS inhibition is much more beneficial than iNOS inhibition.
Gender Differences
To determine whether gender plays a role in vulnerability to HI injury, we studied mitochondrial function in male and female fetuses ( table 1, 2 ). There was no statistically significant difference in cell death or mitochondrial function between male and female fetuses in the control or hypoxia groups treated with JI-8. 
Discussion
Perinatal HI injury to the brain is an important cause of long-term neurodevelopmental sequelae, especially in premature infants. The duration of injury extends far beyond the acute phase of HI. Our study has shown that NO plays a crucial role in the ongoing injury to neuronal cells for as long as 6 days after an HI event. The establishment of timing and mechanisms involved in HI injury is critical for planning management strategies aimed at preventing further brain damage. The subacute brain slices obtained from the rabbit model of global HI in utero that results in a cerebral palsy phenotype [15, 19, 23, 26] has allowed us to test various treatment strategies, especially nNOS inhibitors in a clinically relevant animal model. This subacute brain slice model also brings to light the window of opportunity that is available to us to potentially administer nNOS inhibitors and thereby limit the extent of injury to the brain. Prior studies in our laboratory have shown that nNOS inhibitors given to the dams prior to the HI event can result in amelioration of the motor deficits in the fetuses. All the mother-baby pairs who are likely to have HI events could potentially be treated with nNOS inhibitors to prevent HI injury, but clinically, it is extremely difficult to identify all such pairs. Even when the potential for HI is detected early, there may not be sufficient time to administer neuroprotective agents prior to the occurrence of the actual HI event. There are no specific postnatal interventions available that offer significant neuroprotection. This led us to investigate potential neuroprotective agents that can be given after the HI event has already occurred, much like in 1400W  male  male  male  female  female female   Whole brain  3 the clinical setting. The innovative method of obtaining brain slices after in utero HI has allowed us to analyze the ongoing cellular processes with particular emphasis on NO and nNOS. The viability of the slices over several days in culture shows that it is a valid model to study the effects of NO and nNOS inhibitors as potential treatment strategies. We used a novel designer chemical called JI-8 that is a highly selective inhibitor of nNOS. It has a relative K i of 300 times for iNOS and 2,000 times for eNOS [27] . This ensured that only nNOS is inhibited. From our analysis of NO x from slices obtained from HI brains, we can infer that the expression of nNOS is increased after HI injury. This nNOS can be inhibited by JI-8 and can thus significantly reduce the production of NO in the brain. This led us to pursue further studies with this drug. The study of control animals using saline and JI-8 showed that there was no difference in cell death or mitochondrial function. This indicates that JI-8 is not toxic to cells and does not cause increased cell death or injury to live cells at the concentration used. Our laboratory has previously shown that the process of preparing a singlecell suspension of the brain does not inflict new injury to cells [23] . The cells that are already dead or dying may possibly slough off during the process of preparing the brain cell suspension. This could possibly explain the lack of significant difference between the number of PI-positive cells in slices treated with saline or JI-8 both in control groups and hypoxia groups. We therefore concentrated our analysis on mitochondrial membrane potential and function using JC-1 and rhodamine 123.
Intact mitochondria are crucial for intact cell survival and function. In the whole brain slices obtained after HI, the mitochondrial membrane potential and function were significantly better when treated with the nNOS inhibitor JI-8. This again indicates that nNOS expression is increased after HI. The increased expression of nNOS after HI, as shown by prior preliminary RT-PCR studies in our laboratory, further corroborates our current findings. Short-term inhibition of nNOS after an HI event protects the cells from the deleterious effects of NO. By using JC-1, we were able to partially quantify the number of healthy cells with intact mitochondria. Using paired matched controls enabled us to set off any individual staining differences by JC-1. Mitochondrial integrity was further corroborated by using rhodamine 123 staining.
Determining specific vulnerable areas in the brain could play a key role in developing potential neuroprotective agents. In our study, the slices from the parietal cortex and hippocampus after HI showed significant protection of mitochondria in the JI-8-treated group, suggesting that nNOS and NO are expressed in amounts that are likely to cause significant damage to cells in these areas. Selective nNOS inhibition in the parietal cortex and hippocampus offers neuroprotection in the subacute phase of HI injury for as long as 6 days after the HI event. Comparison of parietal cortex with hippocampus did not show a significant difference in terms of mitochondrial protection offered by JI-8, which leads us to believe that both regions are extremely vulnerable to HI injury. Residual injury in these areas is likely to lead to neurodevelopmental delays in the long run. These are the areas that need to be targeted by neuroprotective agents.
Another factor that could potentially affect NO production in the brain is iNOS. Our study shows that iNOS does not contribute significantly to the ongoing NO pool in the brain after HI injury. Most of the NO is produced by nNOS. After suffering in utero HI injury, iNOS inhibition with 1400W offers no significant benefit in terms of mitochondrial protection compared with nNOS inhibition by JI-8.
Our study also evaluated the possible effect of gender differences in the vulnerability to HI injury between males and females. Gender determination of the rabbit fetuses was done by PCR. Our study did not show any significant difference in terms of cell death or mitochondrial function between males and females both in control groups and hypoxia groups treated with JI-8 or saline. It is possible that our study was underpowered to establish a statistical significance between the two sexes.
In summary, our innovative brain slice model offers the opportunity to analyze the various cellular mechanisms involved in ongoing HI injury to the brain in the subacute phase. It also provides a quick and easy model for studying the effects of several potential neuroprotectants. NO produced from nNOS is an important mediator of ongoing mitochondrial dysfunction in neuronal cells, not only in the acute phase but also in the subacute phase of HI injury. Inhibition with the highly selective nNOS inhibitor JI-8 offers significant neuroprotection up to 6 days after the in utero HI insult. This could have potentially useful and clinically important therapeutic benefits.
